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Abstract
Methylation of the N6 position of adenine, termed N6-methyladenine, protects DNA from restriction endonucleases via the 
host-specific restriction-modification system.  N6-methyladenine was discovered and has been well studied in bacteria. 
N6-adenine-specific DNA methyltransferase (N6AMT) is the main enzyme catalyzing the methylation of the adenine base 
and knowledge of this enzyme was mainly derived from work in prokaryotic models.  However, large-scale gene discovery 
at the genome level in many model organisms indicated that the N6AMT gene also exists in eukaryotes, such as humans, 
mice, fruit flies and plants.  Here, we cloned a N6AMT gene from Nilaparvata lugens (Nlu-N6AMT) and amplified its full-
length transcript.  Then, we carried out a systematic investigation of N6AMT in 33 publically available insect genomes, 
indicating that all studied insects had N6AMT.  Genomic structure analysis showed that insect N6AMT has short introns 
compared with the mammalian homologs.  Domain and phylogenetic analysis indicated that insect N6AMT had a conserved 
N6-adenineMlase domain that is specific to catalyze the adenine methylation.  Nlu-N6AMT was highly expressed in the 
adult female.  We knocked down Nlu-N6AMT by feeding dsRNA from the second instar nymph to adult female, inducing 
retard development of adult female.  In all, we provide the first genome-wide analysis of N6AMT in insects and presented 
the experimental evidence that N6AMT might have important functions in reproductive development and ovary maturation.
Keywords: N6-adenine-specific DNA methyltransferase (N6AMT), Nilaparvata lugens, expression, RNA interference, gene 
structure
1. Introduction 
Methylation of DNA bases by various DNA methylases 
occurs widely in many organisms and adds an extra infor-
mation to the DNA sequence.  Three methylated bases, 
5-methylcytosine, N4-methylcytosine and N6-methyladenine 
(m6A), are found in genomic DNA (Dohno et al. 2010).  The 
first methylated base was m6A in Escherichia coli DNA 
(Dunn and Smith 1955), which was thought to exist only in 
bacteria.  The function of adenine methylation is associated 
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with the protection of DNA from restriction endonucleas-
es via the host-specific restriction-modification system. 
Through this system, un-methylated foreign DNA, such as 
bacteriophage DNA, is cleaved and subsequently destroyed 
(Ratel et al. 2006).  Adenine methylation also participates 
in the regulation of replication, mismatch repair and gene 
expression.  The m6A is catalyzed by N6-adenine-specific 
DNA methyltransferase (N6AMT).  There are two types of 
N6AMT enzymes, Dam and CcrM, which are not conserved 
in bacteria.  
Although adenine methylation was thought to appear 
only in bacteria, increasing evidence has shown that it also 
exists in the eukaryotes.  First, m6A was found in the protista 
kingdom of eukaryotic microorganisms, Chlamydomonas, 
Chlorella, Oxytricha, Paramecium and Tetrahymena genera 
(Ratel et al. 2006).  Second, some adenine residues in zein 
genes were found to be methylated in the corn (Vanyushin 
and Ashapkin 2011) and a N6AMT gene was cloned from 
wheat, suggesting that m6A exists in the plant.  Third, 
putative N6AMT genes have been identified in human and 
murine genomes by bioinformatics analyses (Shorning and 
Vanyushin 2001).  In mammals, there are two N6AMT genes, 
N6AMT1 and N6AMT2, which were discovered by large-
scale gene finding at genome level (Wion and Casadesus 
2006; Niu et al. 2013).  In addition, indirect evidence from 
restriction enzyme digestion has suggested the presence of 
m6A in mouse and rat (Ratel et al. 2006).  RNA interference 
(RNAi) of the N6AMT1 gene in mice induced cell proliferation 
and protein translation reduction (Wang et al. 2014).  
In insects, m6A modification was reported only in Aedes 
albopictus and Drosophila melanogaster.  The DNA of 
A. albopictus contains 0.1% m6A (Adams et al. 1979).  In 
D. melanogaster, an open reading frame encoding putative 
N6AMT was found based on a sequence similarity search 
(Shorning and Vanyushin 2001).  
The rice brown planthopper (BPH), Nilaparvata lugens, 
is one of the most destructive rice insect pests.  It directly 
sucks the phloem sap and transmits plant viruses, causing 
huge yield loss.  The transcriptome and the genome of 
BPH has been reported recently (Xue et al. 2010, 2014). 
Here, we cloned a N6AMT gene in N. lugens and amplified 
its full-length transcript.  We also carried out a systematic 
investigation of the N6AMT gene in 33 insect genomes.  The 
expression profile of N6AMT of N. lugens (Nlu-N6AMT) and 
its functions were also studied.  
2. Results  
2.1. Cloning and characterization of Nlu-N6AMT 
The fragment of N6AMT was obtained from the transcriptome 
data of N. lugens (Xue et al. 2010).  We first validated the 
fragment by reverse transcription-polymerase chain reaction 
(RT-PCR).  Then, we amplified the full-length transcript of 
Nlu-N6AMT by rapid amplification of cDNA ends (RACE). 
The full-length N6AMT cDNA was 951 bp, consisting of a 
214-bp 5´ un-translated region, an open reading frame of 711 
bp and a 26-bp 3´ un-translated region (GenBank accession 
no. KF294266).  The open reading frame encoded a protein 
of 236 amino acids.  The predicted molecular weight was 
27.1 kDa and the isoelectric point was 4.63.  Insect N6AMT 
had a conserved N6-adenineMlase domain that is specific 
to catalyze the adenine methylation (Fig. 1), a Glu-Phe-Trp 
(QFW) motif that is shared by methyltransferases, and an 
Asp/Asn-Pro-Pro-Tyr/Phe (DPPF) motif that is involved 
in substrate binding (Fig. 2).  The amino acid similarities 
between insect N6AMT proteins were >60%.
2.2. Genomic structure and phylogenetic analysis 
of N6AMT 
    
We searched 33 publically available insect genomes, 
demonstrating that N6AMT existed in all studied insects 
(Table 1).  Genomic structures of insect  N6AMT were deter-
mined by aligning the cDNA sequence with the correspond-
ing genome sequence.  The lengths of insect and vertebrate 
N6AMT genes were similar with an average length of 650 bp 
(ranging from 582 to 711 bp).  The genomic DNA lengths of 
N6AMT genes (with introns) in human and mouse are 28 519 
and 21 811 bp, respectively.  However, insects N6AMT genes 
are 1 020–4 191 bp (Fig. 3), suggesting that insect N6AMT 
has short introns.  
Phylogenetic analysis indicated that N6AMT genes were 
highly conserved (Fig. 4), suggesting that the m6A modifica-
tion might have important functions in insects.  In bacteria, 
the function of the m6A modification is to protect DNA from 
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Fig. 1  Domain analysis of N6-adenine-specific DNA 
methyltransferase (N6AMT) between Nilaparvata lugens and 
other species.  The numbers on the bottom represent the 
locations of each domain in the sequences. 
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Fig. 2  Multiple sequence alignments of N6-adenineMlase domain of N6AMT in nine species by GeneDoc software.  Identical amino 
acids are marked with black stars and similar amino acids are marked with black spots below every line sequences.  The highlighted 
amino acids with pink and blue are highly conserved Glu-Phe-Trp (QFW) motif and Asp/Asn-Pro-Pro-Tyr/Phe (DPPF) motif.
digestion by restriction endonucleases (Niu et al. 2013).  In 
insects, its function remains unclear.
We used quantitative real-time PCR (qPCR) to estimate 
the abundance of Nlu-N6AMT mRNA at different develop-
mental stages (Fig. 5-A).  Nlu-N6AMT was expressed at 
low level in nymph from the first to the fifth instar.  At the 
adult stage, the abundance of Nlu-N6AMT was significantly 
higher in female than that in male.  Compared with the virgin 
female, both macropterous and brachypterous females had 
high expression of Nlu-N6AMT at the egg-laying stage. 
We selected adult BPH for each day to elucidate the gene 
expression changes in male and female adults (Fig. 5-B). 
The abundance of mRNA gradually increased in both males 
and females from the first day to the fourth/fifth day of the 
adult stage.  Then expression slightly decreased on the last 
day of adult.  We also examined the expression of N6AMT 
in varied tissues, suggesting that this gene was highly ex-
pressed in the ovary, followed by testis and head.  It was 
lowly expressed in fat body, midgut and thorax (Fig. 6).  
  
2.3. Knocking down the Nlu-N6AMT in N. lugens
The dsRNA was fed to the late second instar larvae until 
adult stage.  There are two groups, both groups have two 
treatments, dsGFP (negative control) and dsNlu-N6AM 
treatment.  One group was set up for phenotype observation 
(30 individuals for each treatment).  The other group was 
used for estimating mRNA abundance after dsRNA feeding 
(40 individuals for each treatment).  Samples were collected 
at 24, 48, 120, 168, and 240 h after dsRNA feeding.  The 
mRNA abundance decreased by 8% at 48 h after feeding, 
30% at 120 h, 45% at 168 h and 62% at 240 h after dsRNA 
treatment (Fig. 7-A, t-test, P<0.05).  Although the gene 
expression was successfully knocked down, no apparent 
phenotypic changes were found at nymph stage.  After 
RNAi-treated larvae became adults,  about 20% of indi-
viduals showed delayed development.  It was significantly 
different from the control (Fig. 7-B, t-test, P<0.05).  This 
result suggested that Nlu-N6AMT has important functions 
in the adult development.  However, its mechanism requires 
further investigation.  
3. Discussion
  
We cloned Nlu-N6AMT from BPH and carried out gene 
searching in 33 insect genomes.  To the best of our knowl-
edge, this is the first large-scale bioinformatics and exper-
imental evidence of existence of N6AMT in a wide-range 
of insects.  m6A modification was thought to exist only in 
bacteria.  Existence of N6AMT genes in all tested insects in-
dicated that m6A modification also has important functions in 
insects, which is worthy of further investigation.  The genes 
involved in catalyzing m6A modification are not conserved 
in bacteria.  However, N6AMT were highly conserved in 
insects.  The exon numbers of insect N6AMT genes were 
same as those in mammals.  But the intron lengths are 
shorter in insects.  These characteristics demonstrate that 
insect N6AMT had different gene features.   
An interesting phenomenon is the abundance of N6AMT 
gene was increased in dsRNA-treated samples.  Compared 
with the control, the expression level of N6AMT was signifi-
cantly increased at 24 h after dsRNA feeding.  We observed 
similar phenomena in other experiments, indicating it was 
frequently happened in the RNAi experiments.  However, 
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Table 1  N6AMT genes in insects and other species
Class Order Organism Accession no. mRNA
(bp)
CDS
(bp)1)
Amino
acids
Molecular
weight (kDa)
pI
Insecta Hemiptera Nilaparvata lugens KF294266 951 711 236 27.1 4.63
Acyrthosiphon pisum XP_003245837.1 1 036 636 211 24.5 4.66
Rhodnius prolixus RPRC002864-PA – 636 211 24.5 4.67
Lepidoptera Bombyx mori XP_004925730.1 727 672 223 24.9 4.78
Chilo suppressalis CSUOGS104708-PA – – 1782) – –
Plutella xylostella Px011241 1 160 648 215 24.7 4.54
Danaus plexippus EHJ70250.1 – 645 214 24.9 4.75
Heliconius melpomene HMEL008180-PA – –   842) – –
Hymenoptera Nasonia vitripennis NP_001123319.1 1 007 645 214 24.8 4.38
Apis mellifera XP_003251471.1 769 654 217 25.4 4.66
Camponotus floridanus EFN60586.1 – 651 216 24.8 4.77
Harpegnathos saltator EFN78067.1 – 645 214 24.7 4.47
Solenopsis invicta EFZ09171.1 – 645 214 24.8 4.68
Linepithema humile LH14121-PA – – 1932) – –
Pogonomyrmex barbatus PB24268-RA – – 1792) – –
Apis florea XP_003696518.1 740 645 214 25.2 4.92
Acromyrmex echinatior AECH19609-PA – 645 214 24.7 5.19
Atta cephalotes ACEP16329-PA – 729 242 27.5 5.31
Bombus impatiens XP_003486580.1 672 642 213 24.7 4.77
Bombus terrestris XP_003394482.1 1 213 642 213 24.6 5.06
Coleoptera Tribolium castaneum XP_970284.1 – 627 208 24.2 4.69
Dendroctonus ponderosae ENN73588.1 – 684 227 26.1 4.91
Anoplura Pediculus humanus XP_002432119.1 – 648 215 22.6 5.82
Diptera Drosophila melanogaster NP_608993.2 747 672 223 25.5 4.82
Drosophila pseudoobscura XP_001357182 – 663 220 25.7 4.87
Drosophila sechellia XP_002038052 – 672 223 26.0 4.73
Drosophila simulans XP_002078327 – 672 223 26.1 4.67
Drosophila yakuba XP_002089124 – 672 223 26.1 4.82
Drosophila erecta XP_001969493 – 672 223 26.0 4.798
Drosophila ananassae XP_001962313 – 672 223 26.1 4.78
Drosophila persimilis XP_002014213 – 663 220 25.8 4.93
Drosophila willistoni XP_002065327 – 675 224 26.4 5.20
Drosophila mojavensis XP_002002299 – 660 219 25.6 4.79
Drosophila virilis XP_002051464 – 669 222 25.9 5.09
Drosophila grimshawi XP_001988007 – 666 221 25.8 5.10
Aedes aegypti XP_001654135.1 1 309 678 225 26.2 4.74
Anopheles gambiae NT_078268.4 – 696 231 26.4 4.78
Anopheles darlingi ETN63813.1 – 831 276 31.8 5.33
Culex quinquefasciatus XP_001870929.1 826 675 224 25.8 4.72
Arachnida Ixodes scapularis XP_002436280.1 – – 1382) – –
Nematoda Caenorhabditis elegans Q5WRN3.1 – 657 218 24.7 4.66
Crustacea Daphnia pulex EFX79490.1 – 693 230 26.7 4.65
Amphibia Xenopus tropicalis NP_001107319.1 1 090 654 217 24.6 4.53
Osteichthyes Danio rerio XP_005167608.1 1 124 651 216 24.3 4.64
Mammalia Mus musculus NP_080802.1 836 675 224 25.8 4.59
Homo sapiens NP_777588.1 890 645 214 24.5 4.47
1) CDS, coding sequence.
2) Partial sequences.
– indicates unknown.
the mechanism remains unknown at present.
The m6A modification mainly participates in bacterial 
restriction-modification systems.  It can protect bacterial host 
DNA from digestion by restriction enzymes.  Recently, this 
modification has been found to have some new functions 
(Niu et al. 2013).  In N. lugens, Nlu-N6AMT was highly 
expressed in the adult female, especially at the egg-laying 
stage.  Knockdown of N6AMT in N. lugens affects adult fe-
male development.  These results demonstrate that N6AMT 
participates in insect reproductive development of female 
adult.  This is consistent with the gene function analysis in 
mammal, which showed that N6AMT genes involve in the 
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4. Conclusion
Nlu-N6AMT gene was amplified from the rice brown plantho-
pper.  Its orthologs were also found in 33 insect genomes, 
suggesting N6AMT is widely distributed in insects.  Knock-
down of Nlu-N6AMT had an apparent impact on adult female 
development and ovary maturation.  
5. Materials and methods 
5.1. Insect
    
N. lugens were maintained in the laboratory on rice seed-
lings at (27±1)°C under a 16 h light/8 h dark photoperiod 
and 70–80% relative humidity.  BPH was transferred to 
fresh seedlings every 10 days to ensure sufficient nutrition.
5.2. Total RNA isolation and cDNA synthesis
Total RNA was extracted using TRIzol® reagent following the 
manufacturer’s instructions (Life Technologies, California, 
Fig. 4  The evolutionary tree of N6AMT.  N6AMT of N. lugens is marked with a red star.  All sequence accession numbers used 
in this analysis are provided in Table 1. 
H. sapiens
M. musculus
X. tropicalis
D. rerio
N. lugens
T. castaneum
A. mellifera
B. mori
A. pisum
28 519 bp
21 811 bp
3 303 bp
3 697 bp
4 191 bp
4 150 bp
1 020 bp
2 537 bp
1 048 bp
Fig. 3  Comparison of N6AMT gene structures among nine 
species.  Exons and introns are denoted with blue boxes and 
black lines, respectively.  Black lines above each gene structure 
represent 100 bp.  The gene information was given in Table 1.
cell proliferation in mice (Liu et al. 2009).  It also showed 
that RNAi of N6AMT genes reduced protein translation in 
mice (Liu et al. 2009), whether insect N6AMT genes have 
similar function remains unclear, which requires further 
investigation.  
596 ZHANG Jiao et al.  Journal of Integrative Agriculture  2016, 15(3): 591–599
USA).  RNA integrity was checked by 1.2% agarose gel elec-
trophoresis.  The concentration of RNA was quantified with 
a NanoDrop spectrophotometer (ThermoFisher, Wilmington, 
DE, USA).  The cDNA synthesis was carried out following the 
manufacturer’s instructions of the PrimeScript™ RT reagent 
Kit with gDNA Eraser (TaKaRa, Otsu, Japan).
5.3. RT-PCR and RACE
    
RT-PCR was conducted to validate the N6AMT transcript 
obtained from the BPH transcriptome (SRA accession no.: 
SRX023419) (Xue et al. 2010).  PCR conditions were 94°C 
for 5 min, followed by 5 cycles of 94°C for 30 s, 54–46°C 
(reduced by –2°C/cycle) for 30 s and 72°C for 1 min, and 
then 30 cycles of 94°C for 30 s, 46°C for 30 s and 72°C for 
1 min, followed by a final extension step at 72°C for 10 min.
Rapid amplification of cDNA ends (RACE) were per-
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formed to obtain the full-length sequence of Nlu-N6AMT. 
RT-PCR and RACE primers were designed by Primer Pre-
mier 5.0 (Table 1; Ren et al. 2004).  RACE-ready cDNAs 
were produced with the SMARTer™ RACE cDNA Amplifica-
tion Kit according to the user manual (Clontech, Mountain 
View, CA, USA).  The first-step PCRs were performed with 
gene-specific primers and universal primer mix.  In the 
nested PCRs, the first round PCR products were diluted 100-
fold and were used as templates with nested gene-specific 
primers and nested universal primer mix.  PCR programs 
were performed according to the user manual of the manu-
facturer.  The RACE results were confirmed by end-to-end 
PCR.  The PCR products were separated in agarose gel 
electrophoresis.  Bands of the expected size were cut and 
purified from the gel using the Wizard® SV Gel and PCR 
Clean-Up System (Promega, Madison, WI, USA).  Purified 
cDNA was ligated into the pGEM-T Easy vector (Promega) 
and sequenced completely from both directions (Genscript, 
Nanjing, China).
5.4. Quantitative real-time PCR
The mRNA abundance at different developmental stages 
was determined by qPCR using an ABI PRISM 7500 (Ap-
plied Biosystems, USA) with SYBR Premix Ex Taq™ (Tli 
RNaseH Plus) according to the manufacturer’s instructions 
(TaKaRa).  The β-actin housekeeping gene was used as an 
internal control for normalization (Chen et al. 2010).  Primers 
for qPCR were designed using an online tool PrimerQuest 
(http://www.idtdna.com/Scitools/Applications/Primerquest/) 
and the primer sequences were given in Table 1.  Each 
primer pair was tested with a 10-fold dilution of a cDNA 
mixture to generate a linear standard curve, which was used 
to calculate the primer efficiency.  A standard protocol was 
used in qPCR, including denature at 95°C for 30 s, followed 
by 40 cycles of 95°C for 5 s and 60°C for 34 s.  After am-
plification, the melting curves were determined by heating 
the sample to 95°C for 15 s, followed by cooling to 60°C 
for 1 min and heating the samples to 95°C for 15 s.  All the 
samples were repeated in triplicate.  Data were analyzed 
using 2–∆∆Ct method (Schmittgen and Livak 2008).  
5.5. RNA interference 
    
dsRNA was used to knock down Nlu-N6AMT in N. lugens. 
To synthesize dsRNA, a 471-bp fragment was amplified 
by PCR.  The PCR products were verified by sequencing. 
The green fluorescent protein gene (GFP, NCBI accession 
no. ACY56286) was used as the control.  The PCR primers 
are listed in Table 2.  The cDNA of N6AMT gene and GFP 
were cloned into pGEM-T Easy vector (Promega).  Diluted 
plasmids were used as the templates using gene-specific 
primers conjugated with T7 promoter sites for PCR (Table 2). 
The PCR products were purified with the Wizard® SV gel 
and PCR Clean-Up System (Promega) and were used as 
the templates for dsRNA synthesis with the T7 Ribomax 
Express RNAi System according to manufacturer’s instruc-
tions (Promega).  Two complementary RNA transcripts were 
made and hybridized to form dsRNA.  Single-strand RNA 
and DNA were removed by treating with RNase and DNase I 
at 37°C incubation for 30 min.  The synthesized dsRNA was 
precipitated by isopropanol and suspended in nuclease-free 
water.  The dsRNA quantity was measured by spectropho-
tometer NanoDrop1000 at 260 nm (ThermoFisher, USA). 
The dsRNA integrity was checked by 1.2% agarose gel 
electrophoresis.
In RNAi experiments, we used a feeding procedure 
with some modifications (Fu et al. 2001).  The experiments 
were carried out at 27°C and 90% relative humidity with 
a 16 h light/8 h dark photoperiod.  For rearing on artificial 
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diets, we used glass cylinders (12 cm in length and 3 cm in 
diameter) as feeding chambers.  One end of the chamber 
was covered with gauze and black cloth, and the other end 
of the chamber was covered with two layers of stretched 
parafilm.  The artificial diet supplemented with dsRNA (100 
ng μL–1) was added to the space between the two layers of 
stretched parafilm.  The GFP dsRNA (100 ng μL–1) was used 
as the negative control.  The late second instar nymph was 
used in RNAi experiments.  The BPH was fed with dsRNA 
for 15 days until the egg-laying stage of the adult female. 
Each treatment included 25 individuals.  All experiments 
were repeated in triplicate.
5.6. Bioinformatics analysis of N6AMT 
    
Recently reported BPH genome and other 33 insect genome 
swere downloaded from the NCBI genome database (Xue 
et al. 2014).  The accession numbers of these sequences 
were listed in Table 1.  The known N6AMT was used to 
BLASTX against insect genomes (Boratyn et al. 2013). 
The putative N6AMT genes were checked and confirmed 
in FlyBase, VectorBase, SilkDB, Hymenoptera Genome 
Database and AphidBase, respectively.  The genomic struc-
tures of N6AMT genes in insects were obtained by mapping 
the mRNA transcripts with the genome seqeunces.  Gene 
structures were displayed using Exon-Intron Graphic Maker 
(http://wormweb.org/exonintron) with default parameters. 
The compute pI/Mw tool was used to estimate molecular 
weight and isoelectric point (Gasteiger et al. 2005).  Protein 
domains were analyzed by searching Pfam (Punta et al. 
2012).  Multiple sequence alignments were carried out using 
the GeneDoc software (Nicholas et al. 1999).  
A phylogenetic tree was constructed using the neigh-
bor-joining method of the MEGA5 software (Tamura et al. 
2011).  The sequences were aligned using the ClustalW with 
default parameters (Thompson et al. 1994).  The phyloge-
netic relationship was tested using the bootstrap method 
with 1 000 replications.  
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